[1] A detailed record of planktic d
O variability on orbital timescales is similar to that caused by changes in ice volume alone. This result indicates that in the Sulu Sea, temperature-driven changes in planktic d
18 O on orbital times scales were generally compensated for by the effects of sea level and changes in seasonal monsoon intensity on the local freshwater budget, as well as by other changes in the tropical hydrologic cycle and their attendant effects on surface water d
18
O. Increased freshening of the western tropical Pacific warm pool is reminiscent of La Niña conditions. However, we argue that the mean tropical climate state was not more La Niña-like than today on broader spatial scales. Suborbital variability occurred in the Sulu Sea throughout the past 400 kyr, suggesting little sensitivity to ice volume or to glacial-interglacial changes in tropical hydrology. Variations on 4-10 kyr timescales appear to be linked to those in the North Atlantic region, suggesting a common forcing of that variability. We suggest that Sulu Sea salinity variations were a response to suborbital climate variability in the North Atlantic region, transmitted via changes in the intensity of the East Asian summer monsoon. We suggest that a North Atlantic origin of that tropical suborbital variability can be reconciled with weak glacial amplification in the tropics if the tropical response is nonlinear.
Introduction
[2] Global ice volume best represents the baseline climate of the earth, and climate records are often considered in a glacial-interglacial context. Most approaches for reconstructing ice volume depend on glacial eustacy, the link between ice volume and sea level [Lambeck and Chappell, 2001] . These measurements are rarely continuous, and so judicious interpretation of marine d
18 O records, calibrated against direct sea level estimates, have enabled more detailed reconstruction of ice volume history [Chappell and Shackleton, 1986; Shackleton, 1987; Shackleton and Opdyke, 1973; Waelbrook et al., 2002] . Paired SST and d
18
O measurements in areas of low salinity variability may also be used to isolate the ice volume component of planktic d
18 O [Lea et al., 2002] . Many studies have suggested that ice volume modulates the amplitude of suborbital climate variability [e.g., Chapman and Shackleton, 1999; McManus et al., 1999; Schulz et al., 1999] , which is generally observed to be greater during glacial than interglacial times [e.g., Bond et al., 1997; Mayewski et al., 1997] . Some investigators have suggested that suborbital variability originates at high northern latitudes in the vicinity of the large continental ice sheets [e.g., MacAyeal, 1993a; MacAyeal, 1993b; Wara et al., 2000] .
[3] Much of the evidence of suborbital climate variability in general, and glacial amplification in particular, comes from the North Atlantic region or regions that may be directly affected by temperature or thermohaline variations in the North Atlantic. Detailed records that span several glacial-interglacial climate cycles have not been available to assess whether the amplitude of rapid climate change in the tropics is also repeatedly larger during glacial than interglacial times. We discuss a planktic foraminiferal d
18 O record from the Sulu Sea (SS), on the western edge of the Western Pacific Warm Pool (WPWP) that closely tracks sea level changes over the last 400 kyr and clearly resolves suborbital variability over the study interval.
Study Area
[4] The Sulu Sea is a semi-enclosed basin that exchanges water with surrounding seas over shallow sills (Figure 1 ). The Mindoro Passage in the northwestern SS is the deepest (420 m) passage, and connects the SS to the South China Sea (SCS), which exchanges water with the Pacific Ocean through the Luzon Strait in the northern part of the basin and with the Java Sea across the shallow Sunda Shelf. The next deepest passage, the Sibutu Passage in the southeastern (250 m) connects the SS to the Sulawesi Sea, which in turn freely exchanges surface waters with the tropical Pacific Ocean. Lower eustatic sea level favors exchange between the SS and the SCS relative to exchange with the Pacific. When sea level is at least 40 m lower than today, the southern SCS is also semiisolated with exchange precluded across the shallow Sunda Shelf .
[5] The SS, on the western edge of the Western Pacific Warm Pool (WPWP) (Figure 2a ) is a climatically complex area, strongly influenced by the Southeast Asian Monsoon, seasonal migrations of the Intertropical Convergence Zone (ITCZ), and by the El Niño Southern-Oscillation (ENSO) over the period of the instrumental record. Salinity is low throughout the year (Figure 2b ) [Levitus et al., 1994] . Seasonal variations, between 32.7 and 34.2 psu are driven by a complex interaction between net precipitation, riverine discharge, and monsoondriven surface water circulation [Wyrtki, 1961] . Net precipitation in the SS is positive from May through November. From June through September, ITCZ rainfall merges with maximum East Asian Summer Monsoon rainfall [Waliser and Gautier, 1993] . By October and November, East Asian summer monsoon rains are over and net precipitation is negative in the northern SCS, but reaches its seasonal maximum in the southern SCS due to southward position of the ITCZ [Wyrtki, 1961] . Surface waters in June (Figure 3a ) are relatively salty in spite of heavy rainfall because the summer monsoon winds drive inflow of saltier surface waters from the Sulawesi Sea. October and November (Figure 3b ) are the freshest months because of high rainfall in the basin and surrounding landmasses, and because the winds drive a surface flow reversal, with very fresh water entering from the southern SCS.
[6] ENSO-related variability profoundly affects the regional climate. During El Niño events, precipitation migrates eastward into the central Pacific, well away from the SS and WPWP [Waliser and Gautier, 1993; Hoerling et al., 1997] . Parts of eastern China, Thailand, and the SCS, however, experience increased precipitation . During La Niña events, rainfall increases slightly in the SS, increases dramatically to the west in the core of the WPWP, and decreases in the SCS and over Thailand, southeastern China and the Philippines. Precipitation anomaly maps can be viewed at http:// www.cdc.noaa.gov/ENSO/COMPARE.
[7] Although seasonal sea surface temperature variations are small ($2°C), they also exhibit interannual variability. During El Niño events, SS SSTs tend to remain close to their climatological mean [Klein et al., 1999] or cool slightly, whereas in the SCS, strong warming lags several months behind the peak of El Niño events [Klein et al., 1999] . Both the SS and the SCS tend to cool during La Niña events. SST anomaly maps can be viewed at http://www.cdc.noaa.gov/ENSO/COMPARE.
[8] The SS is thus located between two regions that exhibit opposite responses to ENSO variability. In general, its SST response is more similar to that of the WPWP, whereas its precipitation response, though small, seems to more closely follow that of the southern SCS. Figure 1 . Bathymetry of study area. Grey ocean shading denotes shelf regions exposed with a sea level lowering of 130 m. Note shallow sills between the Sulu Sea and surrounding basins. Wet and dry regions discussed in text are marked by a red ''w'' and ''d'', respectively. A ''?'' indicates uncertainty. On western New Guinea, there is more evidence for humid than dry conditions. On Java, drier conditions are found in lowlands and wetter conditions at high altitudes. For a broader regional synthesis, see Farrera et al. [1999] . ruber (d 18 O G.ruber ) in IMAGES core MD97-2141 at 1 cm intervals using standard procedures [Dannenmann et al., 2002; Ostermann and Curry, 2000] (Figure 4) . Samples from the upper 1800 m were measured at the State University of New York at Albany, and samples below that depth were measured at the Woods Hole Oceanographic Institution. A portion of the lower-resolution ($10 cm) record from this core was published recently [de GaridelThoron et al., 2001] . The Marine Isotope Stage (MIS) 3 and deglacial portions of the record are discussed in more detail elsewhere [Dannenmann et al., 2002; Y. Rosenthal et al., manuscript in preparation, 2002] . The timescale is based on accelerator mass spectrometer (AMS) radiocarbon measurements on planktic foraminifera converted [Levitus et al., 1994] . Locations of Sulu Sea core MD97-2141, SCS core 18287-3 [Steinke et al., 2001] and WPWP site 806B [Lea et al., 2000] are shown in Figure 2a .
Methods and Results
to calendar age [de Garidel-Thoron et al., 2001] and visual correlation to orbitally tuned deep-sea chronologies [Imbrie et al., 1984] (Figure 5a ). According to our age model, sedimentation rates are variable, typically ranging from 5 to 15 cm/kyr but often higher. In some intervals, the amplitude of suborbital variability rivaled that of glacialinterglacial variability, making the correlation difficult. There are several oscillations of $1% amplitude between 2300 and 2700 cm that cannot each be identified with a marine isotopic substage. We assumed that the longer, low-d
18
O G.ruber events each correlated with a light event in the SPECMAP stack [Imbrie et al., 1984] and arrived at an age model that places the shorter of these oscillations directly before and after the first low-d
18 O interstadial of MIS 7 (Figure 5a ). We assigned a bottom age of 395 ka, just short of peak MIS 11 to retain $ Figure 3 . June (a) and November (b) monthly mean sea surface salinity maps [Levitus et al., 1994] . [Oppo et al., 2001 ], although we have increased the resolution of the planktic record to $300 years since that publication. All supplementary information is available at NGDC (http://www.ngdc.noaa.gov/paleo/).
Discussion

Glacial-Interglacial Variations in Tropical Hydrology
[11] Although better resolved, most orbital-scale features captured by the new record are similar to those reported from nearby ODP site 769 [Linsley, 1996; Linsley and Dunbar, 1994] (Figure 5b ). Like many other cores in the western Pacific [Broecker, 1986; Martinez et al., 1997] [Linsley, 1996] .
[12] Recent SST estimates from the SS surface waters suggest warming of 2°-4°C across the two, most recent deglaciations [Bard, 2000; Rosenthal et al., 2000 Rosenthal et al., , manuscript in preparation, 2002 . If correct, SS surface waters must have been more 18 O-depleted relative to the mean ocean during glacial times in order to maintain a G-I d
18 O G.ruber change close to that of the mean ocean.
[13] Thus we conclude that the SS was fresher during the last glacial than it is today, contrasting with a recent study that suggests more saline conditions throughout the western tropical Pacific [Martinez et al., 1997] . This study may have underestimated glacial temperature depression in the regions, and may have taken the heaviest d
18 O values to represent the last glacial maximum, an assumption that is not borne out in this region with well-dated records, like the SS record.
[14] Sea level lowering must have had a significant influence on the salinity budget of the SS. During [Imbrie et al., 1984] , (b) the lower resolution record from nearby Sulu Sea site 769 [Linsley and Dubar, 1994; Linsley, 1996] , (c) the d 18 O air record from Vostok [Petit et al., 1999] Figure 5c are compiled from several sources [Bard et al., 1990; Chappell et al., 1996; Chen et al., 1991; Collins et al., 1993; Edwards, 1988; Edwards et al., 1997; Esat et al., 1999; Gallup et al., 1994 Gallup et al., , 2002 Ludwig et al., 1996; Stein et al., 1993; Stirling et al., 1995 Stirling et al., , 1998 Yokohama et al., 2001 ]. All these samples had d 234 U 158 [Gallup et al., 1994] glacial times, the paleo-Molengraaff River that crossed the exposed Sunda Shelf reached far into the central southern South China Sea. Lower salinity suggested by glacial data from cores near the mouth of this river and near the mouth of the Pearl River in the northwestern part of the basin have been attributed to changes in basin geometry, since the Asian summer monsoon was weaker then . Similarly, lowered sea level during glacial maxima restricted the influence of the higher salinity water from the Sulawesi Sea allowing a great portion of low salinity SCS surface water to enter the SS.
[15] Stronger winter monsoons [e.g., Wang et al., 1999] must have also contributed to surface freshening of the SS during glacial times. On the basis of the observed seasonal reversal in circulation and salinity distribution (Figures 3a and 3b ), we can infer that an enhanced winter monsoon winds would increase the influence of fresh, SCS waters into the basin.
[16] Changes in foraminiferal d
18 O gradients among the southern SCS, SS, and WPWP provide additional insight into the mechanisms of glacial freshening and can be used to test for the increased influence of fresher SCS water during glacial times. [Rozanski et al., 1993; Y. Wang et al., 2001] .
[17] In contrast with the Holocene values, glacial values in the SCS (À1.5% [Steinke et al., 2001] ), SS (À1.6%), and WPWP (À1.3% [Lea et al., 2000] [Lea et al., 2000] (open symbols). The SS and WPWP core top are corrected for the warmer SSTs than the SCS (solid symbols) using a conversion factor of À0.22%/°C [Epstein et al., 1953] . significant continental recycling, but rather originated as rainfall in the ITCZ. This is consistent with abundant evidence that suggests that the East Asian summer monsoon was weaker during glacial times [e.g., Wang et al., 1999] .
[19] The modern seasonality of rainfall in the more equatorial regions that would have drained into the southern SCS and SS under a weaker summer monsoon is significantly different from the northern SCS, which receives its highest rainfall during the summer monsoon [e.g., Wyrtki, 1961] . In these more southerly regions, rainfall is typically high throughout the year and includes a rainfall maximum that occurs in late fall/early winter when the ITCZ has migrated southward. A southward shift of the mean position of the ITCZ, driven by an increased meridional SST gradient in the Northern Hemisphere may have also focused more rainfall over the larger equatorial landmasses draining into these basins during glacial times (Figure 1 ).
[20] If a SST gradient existed during glacial times, the SCS was likely to have been the coldest of the sites, since it would have been most affected by the East Asian winter monsoon. The WPWP site was probably still the warmest site. Hence the slightly lower d
18
O G.ruber value in the SCS and SS suggests that like today the WPWP was still the saltiest of the three sites. Paired SST-planktic d
18 O data indicates, however, that the WPWP was also fresher than today during glacial times [Lea et al., 2000; Martinez et al., 1997] .
[21] Terrestrial evidence and modeling studies provide insight into the mechanisms of freshening in the region. In general, terrestrial data indicate that Indonesia was cooler and drier during the last glacial, although there are several locations where the aridity records are either ambiguous or there is evidence of increased wetness (Figure 1 ). There is evidence of increased aridity in Sulawesi, south of the Sulu Sea [Hope, 2001; Dam et al., 2001] and in lowland Java, possibly due to the greater continentality that resulted from lower sea level [van der Kaars and Dam, 1995; . Northeast Thailand was ''probably drier'' [Penny, 2001] , and lowland Singapore was ''possibly more humid'' [Taylor et al., 2001] . Northern Sumatra and Java at higher altitudes were as wet or wetter than today [Van der Kaars et al., 2001, and references therein] . Today precipitation increases with altitude in Java, and so the stable precipitation/evaporation regime at higher altitudes, where there is no dry season, would be significant. Hence, though sparse, there are several records that suggest the possibility that regions draining into the southern SCS may have been wetter during the glacial times (Figure 1 ). More evidence is needed to assess this possibility as it bears on the important question of whether increased glacial freshening in the southern SCS and SS was entirely driven by sea level change and changes in the intensity of the seasonal surface flows that connect these basins or whether there was also increased runoff from southern landmasses draining into these basins. Furthermore, in order to understand the mechanisms of climate change in this region, it is critical to determine whether the more humid glacial conditions inferred from several terrestrial records were the result of increased precipitation or decreased evaporation under cooler conditions.
[22] Evidence from New Guinea, on the southwestern margin of the WPWP, is less ambiguous and suggests wetter conditions during the last glacial [Farrera et al., 1999; Haberle et al., 2001] consistent with marine data from the WPWP [Lea et al., 2000] . Again, wetter conditions could be the result of increased precipitation or of reduced evaporation under cooler conditions. Several last glacial maximum simulations using atmospheric general circulation models (AGCMs) coupled with a slab ocean to compute glacial SSTs simulated increased precipitation over Indonesia [Pinot et al., 1999] . Although tropical cooling would have decreased the overall intensity of the hydrological cycle, modeling studies suggest that precipitation would increase in the warmest regions, like the WPWP [Charles et al., 2001] .
[23] Enhanced tradewinds as indicated by an increase in the zonal tilt of the equatorial Pacific thermocline [Andreasen and Ravelo, 1997; Beaufort et al., 2001] and increased rainfall in the WPWP may at first glance be likened to a more permanent La Niña during glacial times [Lea et al., 2000] . We note that increased rainfall in the Indo- 2001GC000260 nesian region was forced in the models by imposing glacial boundary conditions [Pinot et al., 1999; Charles et al., 2001] , and hence, even if the mean circulation state of the equatorial Pacific was in some ways more La Niña-like than today, this change may have been driven by extratropical processes [Rind, 1998; Broccoli, 2000; Andreasen et al., 2001] . Indeed, simulated glacial wind patterns similar to today's over much of the Pacific [Andreasen et al., 2001] , and drier conditions in regions that typically experience increased rainfall during La Niña events, such as the Cariaco basin [Peterson et al., 2000] argue against La Niña-like tropical climate on broader spatial scales. Furthermore, modeling studies suggest the ENSO state of the glacial tropical Pacific would tend to be similar to today, or perhaps more El Niño-like, in response to glacial tropical insolation itself, in the absence of extratropical interactions [Clement and Cane, 1999] . Indeed, the modern ENSO-related precipitation anomalies at the 806B core site (Figure 2 ) used to deduce fresher conditions in the WPWP [Lea et al., 2001] suggest generally drier conditions during La Niña events, with the core of enhanced precipitation located farther south and west during winter and south and east during summer (http:// www.cdc.noaa.gov/ENSO/Compare/).
Geochemistry Geophysics
[24] However, because of the uncertain location of precipitation anomalies associated with potential ENSO events during glacial times, it seems premature to attribute any change in regional rainfall to changes in the ENSO cycle. Better knowledge of glacial tropical SSTs is needed to understand even the mean climatology of the glacial tropics [Yin and Battisti, 2001] .
[25] In summary, increased isolation of the SCS and SS owing to lower sea level was an important factor that contributed to the observed glacial freshening in these basins. Both lower sea level and a weaker summer monsoon favored flow from the SCS into the SS over the inflow of saltier water from the Sulawesi Sea. Less 18 O-depleted runoff originated as rainfall in the East Asian monsoon region and more as ITCZ-related rainfall in the western Pacific (southern SCS, SS, and WPWP). Much of the freshwater probably drained into these regions from equatorial landmasses, which may have experienced increased rainfall due to the more southerly position of the ITCZ and/or decreased evaporation due to cooler temperatures. Increased rainfall resulting from the relatively weaker glacial suppression of SST in the WPWP, compared to more easterly regions of the tropical Pacific [Andreasen and Ravelo, 1997] may have also enhanced rainfall over New Guinea and in the WPWP. The increased tropical rainfall in the WPWP is in some ways reminiscent of a La Niña circulation [Lea et al., 2000] . However, we agree with a recent study that suggests that the mean climate state was not more La Niña-like than today on broader spatial scales [Andreasen et al., 2001] . [Bender et al., 1985] ) through time by assuming that they were linearly related to changes in precession. This approach has been questioned by Jouzel et al. [2002] , who suggest that processes governing changes in the Dole effect are complex and unlikely to be linearly related to precession. Jouzel et al. [2002] , however, concur that changes in the Dole effect are likely to be small. Alley et al. [2002] O air record, the atmospheric CO 2 record shows a strong 100 ky cycle [Petit et al., 1999; Shackleton, 2000] , and Shackleton [2000] suggests that atmospheric CO 2 variations may drive temperature of the deep sea, probably linked through high latitude SSTs. SST estimates from the WPWP [Lea et al., 2000] and the SCS , to the east and west of the SS, respectively, are similar in character to the SPECMAP d
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O stack (Figure 5b ), suggesting that SST in the SS, situated between these two locations, also varies at the 100 ky cycle. Thus cooling in the SS during progressively younger interglacial substages of MIS 5, 7 and MIS 9, was accompanied by freshening having an opposite and approximately equal effect on foraminiferal d 18 O G.ruber . We suggest that freshening, by mechanisms described in section 4.1, repeatedly characterized progressively cooler interglacial substages of interglacial stages in the Sulu Sea.
[28] The low values in the d
O air record at $175 ka compared to marine d 18 O-based sea level estimates such as the SPECMAP stack have been attributed to an unusually large Dole effect at that time [Meliéres et al., 1997] , perhaps due to strong northern hemisphere summer insolation that drove intense monsoons, affecting bioproductivity and hence the Dole effect [Masson et al., 2000] . A recent sea level estimate for this period [Gallup et al., 2002] suggests that a sea level highstand occurred at this time, but its magnitude may be overestimated by Shackleton's [2000] (Figure 5a ) and the benthic record from North Atlantic site 980 [McManus et al., 1999] (Figure 5d ), among others. In these other marine d
18 O records, the minimum usually appears as a local minimum during otherwise glacial conditions, indicating that most regions of the deep and surface ocean were already cold at this time. The reason that background glacial conditions were less pronounced in the Sulu Sea d
O G.ruber record is because the cooling was accompanied by freshening, as described above. Since there was a strong precession maximum at this time, the East Asian summer monsoon, like the North African monsoon [Masson et al., 2000] , may have been strong, with monsoon rainfall also contributing to the increased freshening.
[30] We conclude that a systematic relationship between SST and salinity gives rise to a good correlation between sea level changes and orbital scale SS d 18 O G.ruber variability over the last $400,000 years. While the timing of d
O air change may lag that of sea level [Alley et al., 2002] , the good match to the coral-based sea level estimates ( Figure  5c ) and to the SS d
O G.ruber record confirms that to first approximation, this record accurately records the magnitude of sea level change [Shackleton, 2000] [Dannenmann et al., 1998 [Dannenmann et al., , 2002 . These changes should counter the d 18 O G.ruber changes due to possible ice volume and salinity changes, and so the d 18 O G.ruber values record a minimum estimate of that change. Thus a substantial portion of the SS d 18 O G. ruber changes must also be due to changes in surface salinity.
[32] During MIS 3, low-d
18 O events recorded in the SS coincide with the warm phases of suborbital cycles in the North Atlantic (Figure 7 ) [Dannenmann et al., 2002] . Only the longer ($4-10 kyr) North Atlantic suborbital cycles can be clearly identified in the SS d
O G.ruber record. The amplitude of variability on shorter (<4 kyr) timescales is small, and subtle equivalents to the shorter North Atlantic cycles cannot be ruled out. Sedimentation rates in the SS may be too low or variable to consistently capture changes that occur on shorter timescales. Evidence of variability in both regions on deglaciations ( [Oppo et al., 1998 [Oppo et al., , 2001 ; Sarnthein and Tiedemann, 1990; Venz et al., 1999] and Figures 4 and 5) also suggests a common forcing of large suborbital events.
[33] A comparison to a detailed western subtropical North Atlantic d
O G.ruber record of MIS 5 affords the opportunity to assess whether suborbital oscillations in the North Atlantic and western tropical Pacific were also linked during interglacial times. It is possible to achieve a convincing match between the two records by modifying the timescale of the SS d 18 O G.ruber record (Figure 7 ). While we acknowledge that it is circular to conclude that the suborbital events are correlated in the two regions, the similar timing of climate events in the North Atlantic and Sulu Sea throughout the past 60 kyr (Figure 7 ) [Dannenmann et al., 2002] , including the 8.2 ka event in the Holocene provides justification for making this timescale adjustment for MIS 5. This revised age model improves the correlation to the Greenland ice core d
O record in late MIS 5 [Grootes and Stuiver, 1997; Grootes et al., 1993; Meese et al., 1994; Stuiver et al., 1995] and to recent sea level estimates [Lambeck and Chappell, 2001] for the whole of MIS 5, suggest- ing that this timescale is more accurate over this interval than our original timescale (Figure 5a ).
[34] Ice volume changes may account for up to half of suborbital d 18 O G.ruber variations on 4-10 kyr timescales ( Figure 7) . As on orbital timescales, a portion of the surface salinity changes may be directly attributable to changes in basin geometry caused by sea level oscillations. However, any suborbital sea level oscillations, if they occurred, were relatively minor, and additional, climatologically forced salinity changes are likely. If the correlation suggested in Figure 7 is correct, relatively fresh surface waters in the SS were associated with the warm phases of North Atlantic 4-10 kyr suborbital cycles during MIS 5, as was also the case in MIS 3 (Figure 7 ) [Dannenmann et al., 2002] .
[35] Variations in the relative intensity of winter and summer monsoon precipitation, as recorded by d
18 O of Hulu Cave spelothems in China [Y. Wang et al., 2001] , and a detailed $40 -kyr long record of estimated surface salinity from a very high accumulation rate site in the northern SCS, a region strongly influenced by the East Asian Monsoon, also show a clear linkage to the glacial North Atlantic primarily on 4-10 kyr timescales . The effect of North Atlantic SSTs on winter snow cover over Asia [Barnett et al., 1989] and on monsoon strength in the subsequent summer provides a mechanism for deglacial and glacial suborbital variations in the North Atlantic region to influence the intensity of the East Asian summer monsoon [Douville and Royer, 1996; Overpeck et al., 1996; Y. Wang et al., 2001] . The observation that today, SS surface waters are freshest in October and November (Figure 3 ) due to high precipitation and inflow of fresh waters from the southern SCS, suggests that rainfall during the late fall/early winter maximum that characterizes the southern SCS and surrounding equatorial landmasses may be coupled to variations in the EAM, and effect the salinity of the SS.
[36] The apparent correlation between the North Atlantic and SS records during both glacial and interglacial times (Figure 7) suggests that the linkage via the East Asian monsoon [B. Wang et al., 2001 ] is a strong and persistent one. Neither changes in ice volume nor changes in tropical hydrology strongly influence the nature of this linkage on 4-10 kyr timescales.
[37] Other regions of the tropics also show suborbital variability that appears to be linked to changes in the high latitude North Atlantic. Records from the Cariaco Basin, an annually varved basin in the southern Caribbean Sea, reveal suborbital variations in wind and river runoff that are well correlated to the North Atlantic [Peterson et al., 2000] . These variations are believed to occur in response to temperature variations in the North Atlantic, which drive variations in the intensity of the tradewinds and in the latitude of the ITCZ [Peterson et al., 2000] . This region experienced enhanced runoff during MIS 3 interstadials [Peterson et al., 2000] , and a comparison to the SS d 18 O G.ruber record confirms a link on suborbital timescales (Figure 8 ).
[38] Modern climatology suggests that the SS and Cariaco Basin show similar precipitation anomalies during ENSO events (El Niño is dry and La Niña is wet) [Ropelewski and Halpert, 1987] (see also precipitation anomaly maps at http://www.cdc.noaa. gov/ENSO/COMPARE). Thus our results are consistent with the hypothesis that the intensity and/or frequency of ENSO events varied on suborbital timescales [Sirocko et al., 1999] , as predicted by a recent modeling study [Clement and Cane, 1999] . However, modeling studies suggest a widespread response to surface forcing in the North Atlantic region [e.g., Mikolajewicz et al., 1997] . These changes include but are not limited to changes in atmospheric patterns, the latitude of the ITCZ, and tropical water balance Peterson et al., 2000; Pinot et al., 1999; Charles et al., 2001; Hostetler et al., 1999] , each of which could influence surface hydrography of the SS and southern Caribbean Sea, giving an appearance of La Niña-like or El Niño-like conditions. However, the possibility that the SS was influenced by both East Asian monsoon and ENSO dynamics during MIS 3 and how these changes may influence climate globally is dealt with more extensively elsewhere [Dannenmann et al., 2002] .
Spectral Analysis
[39] The power spectrum of the SS d
18 O G.ruber record suggests a broad spectral peak correspond- ing to 8-11 kyr cycles, as well as narrower ones near 5.5 kyr, 3.2 kyr, and shorter periods (Figure 9 ). We carried out spectral analysis on the record with many different timescales (e.g., older bottom age, correlating different isotopic peaks to SPECMAP events in MIS 8/7, MIS 5 timescale shown in Figure  7 ). Although spectral peaks may have shifted slightly or may have differed slightly in width, peaks near these same periods characterized all the spectra. These spectral peaks are similar to those found in the North Atlantic region [e.g., Oppo et al., 1998 Oppo et al., , 2001 Ortiz et al., 1999; Pestiaux et al., 1988; Wara et al., 2000; Yiou et al., 1994] , indicating that the two regions are characterized by suborbital variability at similar pacing.
[40] Applying a high-pass filter (<12 kyr cycles) to the portion of the SS d
18
O G.ruber record below the hiatus (32-395 ka) confirms that suborbital variability occurs throughout the record and that its amplitude often rivals that of orbital variability (Figure 10 ). In general, the amplitude of longer [Grootes and Stuiver, 1997; Grootes et al., 1993; Meese et al., 1994; Stuiver et al., 1995] , Cariaco Basin reflectance and titanium data documenting variations in continental runoff [Peterson et al., 2000] suborbital cycles is $0.5%, although there are times when higher amplitude events occur. As noted earlier, the interval between $210 and 260 ka contains several large ($1%) events. Although one can debate exactly when these events occur, it would be difficult to devise a timescale in which at least one of these high amplitude events did not occur during interglacial MIS 7. The event we have placed within MIS 7, at $220 ka, is also evident in a reconstruction of the d 18 O of seawater from the eastern equatorial Pacific [Lea et al., 2002] . With or without consideration of these events, however, it is apparent that suborbital variability is a persistent feature of the SS d 18 O G.ruber record.
[41] The persistence of suborbital variability in the SS and the subtropical Atlantic (Figures 7 and 10 ) may suggest that suborbital variability originates at lower latitudes and is amplified during glacial times in the higher-latitude North Atlantic and in regions under its direct influence. As already discussed, interannual variations in the tropics are known to influence climate worldwide. Nevertheless, why tropical climate would oscillate on 4-10 kyr timescales is not clear, although several investigators have proposed that variations on these timescales are a nonlinear response to low-latitude precessional forcing [Hagelberg et al., 1994; McIntyre and Molfino, 1996; Short et al., 1991] . Figure 9 . Power spectrum of the MD97-2141 d 18 O record, estimated using multitaper methods [Thomson, 1990] . Significant suborbital peaks are labeled. Main orbital periods are denoted by arrows. [42] A recent modeling study, for example, suggests that under specific orbital configurations, the tropical SSTs can remain in a state that resembles La Niña or El Niño for several centuries [Clement et al., 2001] . These authors suggest that an extended La Niña-like state caused the Younger Dryas cold event of the last deglaciation. Data from the Younger Dryas chronozone in the Sulu Sea, showing positive d
18 O values associated with decreased precipitation and runoff [Linsley, 1996; Y. Rosenthal et al., manuscript in preparation, 2002] and chronologically equivalent data from the Cariaco basin also suggesting a decrease in runoff [Peterson et al., 2000] , argue against La Niña-like conditions at this time (Figure 8 ).
[43] Even if tropical climate may respond nonlinearly to local insolation forcing, a recent investigation suggests that suborbital variations in the North Atlantic are not a nonlinear response to lowlatitude insolation forcing, casting doubt that linked high-latitude suborbital variations are driven from the tropics in this manner [Wara et al., 2000] . Wara et al. [2000] suggested that suborbital variability in the North Atlantic region is a nonlinear response to orbitally driven climate change in high northern latitudes.
[44] Glacial amplification of suborbital variability in the subpolar North Atlantic [e.g., McManus et al., 1999] , the eastern subtropical North Pacific [Behl and Kennett, 1996] , and the Arabian Sea [Sirocko et al., 1996] , are also consistent with a North Atlantic origin. The weak glacial amplification of suborbital variability in the SS may be reconciled with a North Atlantic forcing if the response in the SS is highly nonlinear. Tropical climate may respond nearly instantaneously to changes at high latitudes through the atmosphere, but negative feedbacks or other properties of the tropical climate system [e.g., Hartmann and Michelsen, 1993] may limit the amplitude of that response in the SS. The absence of a persistent linkage on timescales shorter than $4 kyr suggests that only the largest high-latitude events, which tend to occur on longer suborbital timescales, may be significant enough to influence the complex climatology of the region.
Summary and Conclusions
[45] The first order agreement between the SS d 18 O G.ruber and coral-based sea level estimates extends observations that the amplitude of orbital-timescale variations of d 18 O G.ruber in the SS during the past 150,000 years was comparable to that driven by changes in global ice volume [Linsley, 1996] .
[46] On orbital timescales, greater cooling (warming) in the SS must have been accompanied by increased (decreased) freshening. Sea level changes and their effect on basin geometry and exchange with neighboring seas must have had a large effect on the surface salinity of the SS. Decreased intensity of the East Asian summer monsoon winds and increased intensity of the winter component during glacial times also favored the input into the SS of fresh water from the SCS over saltier water from the Sulawesi Sea. Furthermore as a result of an increased meridional temperature gradient, the mean position of the ITCZ may have been located farther south, resulting in more rainfall on the intensive equatorial landmasses that drained into the southern SCS and Sulu Sea during glacial times. More marine and terrestrial data are needed to test this possibility.
[47] Suborbital-scale salinty variations, attributed to variations in the East Asian monsoon, characterized the SS throughout the past 400 kyr. Salinity in the SS and temperature in the North Atlantic are linked on 4-10 kyr timescales, with warm North Atlantic conditions associated with fresh SS surface waters, contrasting with the linkage on G-I timescales. The persistence of a link on suborbital timescales during glacial and interglacial times (Figure 7) suggests that the nature of this coupling is not strongly affected by ice volume changes or by changes in background tropical climatology.
[48] Suborbital variations in the strength of the East Asian summer monsoon must have affected surface salinity, as well as possible variations in the intensity of late fall/early winter equatorial rainfall. The similar timing of Cariaco Basin and SS wet and dry events is consistent with suborbital changes in the state of ENSO (Figure 8 ), but many more records are needed to assess whether suborbital changes in tropical climatology are consistent with changes in ENSO-like behavior on broader spatial scales.
[49] While much of the recent emphasis has been on tropical origin of suborbital variability and we explore this possibility in greater detail in a separate contribution [Dannenmann et al., 2002] , we argue that it is premature to rule out a high latitude origin of SS salinity variations on 4-10 kyr timescales. In particular, if ice volume varies on this timescale [Lambeck and Chappell, 2001; Shackleton et al., 2000] , it may vary as a nonlinear response to ice volume changes on orbital timescales, implicating the North Atlantic [Wara et al., 2000] . Furthermore, modeling studies suggest many ways that changes in the North Atlantic can impact tropical climate. However, the large impact of changes in tropical climate on regional and global SST and precipitation patterns and on North Atlantic Deep Water production [e.g., Ropelewski and Halpert, 1987; La and Nath, 2001; Schmittner and Clement, 2002; Klein et al., 1999; , and the potential for an even greater impact during glacial times [Yin and Battisti, 2001] underscores the need for a better understanding of high-low latitude linkages as well as glacial-interglacial and suborbital changes in the many, linked tropical climate subsystems. 
